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Most betacoronaviruses possess an hemagglutinin-esterase (HE) protein, which appears to play a role in binding to or release 
from the target cell. Since this HE protein possesses an acetyl-esterase activity that removes acetyl groups from O-acetylated 
sialic acid, a role as a receptor-destroying enzyme has been postulated. However, the precise function of HE and of its enzymatic 
activity remains poorly understood. Making use of neutralizing antibody and of molecular clones of recombinant human coro- 
navirus OC43 (HCoV-OC43), our results suggest that the HE protein of this HCoV could be associated with infection of target 
cells and, most notably, is important in the production of infectious viral particles. Indeed, after transfecting BHK-21 cells with 
various cDNA infectious clones of HCoV-OC43, either lacking the HE protein or bearing an HE protein with a nonfunctional 
acetyl-esterase enzymatic activity, we were reproducibly unable to detect recombinant infectious viruses compared to the refer- 
ence infectious HCoV-OC43 clone pBAC-OC43"". Complementation experiments, using BHK-21 cells expressing wild-type HE, 
either transiently or in a stable ectopic expression, demonstrate that this protein plays a very significant role in the production of 


infectious recombinant coronaviral particles that can subsequently more efficiently infect susceptible epithelial and neuronal 
cells. Even though the S protein is the main viral factor influencing coronavirus infection of susceptible cells, our results taken 
together indicate that a functionally active HE protein enhances the infectious properties of HCoV-OC43 and contributes to effi- 


cient virus dissemination in cell culture. 


oronaviruses are widespread in nature and can infect several 

different species (1), in which they cause mainly respiratory 
and enteric pathologies, with neurotropic and neuroinvasive 
properties in various hosts including humans, cats, pigs, and ro- 
dents (reviewed in references 2 and 3). They are part of the family 
Coronaviridae, within the order Nidovirales, and they are classified 
into three different genera, namely, Alphacoronavirus, Betacorona- 
virus, and Gammacoronavirus (4). Coronaviruses form a group of 
enveloped viruses that have the largest genome among RNA vi- 
ruses. This nonsegmented 30-kb positive single-stranded poly- 
adenylated RNA of ~30 kb possesses four or five genes encoding 
structural proteins (S, E, M, and N; hemagglutinin-esterase [HE] 
protein for the genus Betacoronavirus) and several genes encoding 
nonstructural proteins. Moreover, the genus Betacoronavirus is 
divided into four different lineages: A, B, C, and D. Members of 
lineage A include the species murine coronavirus (often still re- 
ferred to as mouse hepatitis virus [MHV]), human coronavirus 
HKU1 (HCoV-HKU1), and betacoronavirus-1, which comprises 
the porcine hemagglutinin encephalomyelitis virus (PHEV), bo- 
vine coronavirus (BCoV), and HCoV-OC43 (4), which all possess 
an hemagglutinin-esterase (HE) protein in the viral envelope (5, 
6). This HE protein displays 30% identity to the subunit 1 of the 
HEF protein of the influenza C virus (7). Like the spike protein 
(S), the large type 1 transmembrane glycosylated viral protein re- 
sponsible for the recognition of the cellular receptor used by the 
coronaviruses to infect susceptible cells (8), the HE protein, pres- 
ent in species of the Betacoronavirus genus, is also a type 1 trans- 
membrane protein (9), and it interacts with different types of sialic 
acid, associated with an apparent role in hemagglutination. Fur- 
thermore, since the HE protein possesses an acetyl-esterase activ- 
ity that removes acetyl groups from O-acetylated sialic acid, a role 
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as a receptor-destroying enzyme has been postulated, a function 
that may be important early during infection, possibly in virus 
binding to or later during the release of viral particles from in- 
fected cells at the end of the replication cycle of betacoronaviruses 
(10, 11). Even though the precise role and function of the HE 
protein remains incompletely understood, the structure of the 
BCoV HE protein in complex with its receptor is now unraveled 
and this will certainly help our understanding of its biological role 
(12). The S protein of HCoV-OC43 was shown to interact with 
9-O-acetyl sialic acid and is believed to be the major hemaggluti- 
nin of this virus (13), as well as being the protein responsible for 
binding to the cellular receptor (14). However, the HCoV-OC43 
HE protein may, like the HE protein of BCoV (12, 15, 16), also 
interact with this particular sialic acid. We present here results that 
indicate that the HE protein plays, in conjunction with the S pro- 
tein, an important and significant role in HCoV-OC43 infectious 
properties and therefore in the infection of cells and the spread of 
infection in cell cultures. 
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MATERIALS AND METHODS 


Cell lines, pBAC-OC43 cDNA clones, and corresponding recombinant 
viruses. The HRT- 18 cell line (kindly provided by David Brian, University 
of Tennessee) was cultured in minimal essential medium alpha (MEM-a; 
Life Technologies) supplemented with 10% (vol/vol) fetal bovine serum 
(FBS; PAA) and used to propagate all of the different viruses, as previously 
described (17), and in infection and neutralization experiments. The 
BHK-21 cell line (ATCC-CCL10) was also cultured in MEM-a supple- 
mented with 10% (vol/vol) FBS and used for transfection. The LA-N-5 
cell line (kindly provided by Stephan Ladisch, George Washington Uni- 
versity School of Medicine) was cultured in RPMI 1640 supplemented 
with 15% (vol/vol) FBS, 10 mM HEPES, 1 mM sodium pyruvate, and 100 
.M nonessential amino acids (Gibco-Invitrogen). For use in experi- 
ments, LA-N-5 cells were differentiated into human neurons, as previ- 
ously described (18). Briefly, cells were seeded in Cell+ 24-well (1.25 X 
10* cells) plates (Sarstedt) in RPMI medium supplemented with 10% 
(vol/vol) FBS, 10 mM HEPES, 1 mM sodium pyruvate, and 100 pM non- 
essential amino acids. The next day, and every 2 days for 6 days, medium 
was replaced with the same medium containing 10 .M all-trans retinoic- 
acid (Sigma-Aldrich). 

The recombinant wild-type reference HCoV-OC43 virus, designated 
here HCoV-OC43 rOC/ATCC, was obtained from the full-length cDNA 
clone pBAC-OC43"" (19). Using a QuikChange multisite-directed mu- 
tagenesis kit (Agilent-Stratagene), this full-length cDNA clone was used to 
generate different pBAC-OC43-HE mutants. The cDNA clones contain- 
ing a point mutation in the HE gene either at nucleotide position 8 of the 
coding sequence to replace the amino acid residue leucine at position 3 by 
a STOP codon (pBAC-OC43-HEstop) or at nucleotide position 347 of the 
HE coding sequence to mutate the amino acid residue at position 116 
from a serine to a phenylalanine (S116F), designated pBAC-OC43- 
HEsj;6p Were generated by reverse genetics. 

Results obtained by others (12) and sequence alignment of the HCoV- 
OC43 HE protein with other members of the Betacoronavirus genus using 
the PFAM software program (http://www.sanger.ac.uk/Software/Pfam/) 
revealed that the putative active site for O-acetyl-esterase activity, FGDS, 
is located between amino acid residues 37 to 40. To abolish the O-acetyl- 
esterase activity of the HE protein (HE), the serine at position 40 was 
mutated to a threonine to modify the active site to FGDT. To generate the 
corresponding pBAC-OC43 HE mutant, we mutated the nucleotide po- 
sition 119 in the HE coding sequence and this cDNA molecular clone was 
designated pBAC-OC43-HEgaor- 

Overlapping PCR was used to obtain a cDNA clone with complete 
deletion of the HE gene (pBAC-OC43-delHE). Sequencing was per- 
formed to confirm that there were no other mutations in the genomes of 
the different pBAC-OC43 clones. 

Primary cultures of mouse central nervous system (CNS) cells. Em- 
bryos at 12 to 14 days of gestation were removed from pregnant anesthe- 
tized CD1 mice. Cortical cell cultures were obtained by a modification of 
a previously described protocol (20). Briefly, cortical cell cultures were 
harvested in Hanks balanced salt solution (HBSS; without Ca?* and 
Mg?"), supplemented with 1 mM sodium pyruvate and 10 mM HEPES 
buffer. Cortical cell cultures were incubated in 1 ml of trypsin-EDTA 
supplemented with 20 wg of DNase I/ml for 5 min at 37°C. The trypsin 
solution was then slowly discarded with a sterile pipette and replaced by 
HBSS (without Ca?* and Mg**) supplemented with 10% (vol/vol) FBS. 
The samples were then briefly centrifuged at 250 X g, and the supernatant 
was removed and replaced by 5 ml of HBSS. Cortical cell cultures were 
then triturated, and the cells were dispersed in the same medium. Samples 
were centrifuged for 1 min at 1,000 X g, and the pellet was resuspended in 
1 ml of neurobasal medium, supplemented with 0.5 mM t-glutamine and 
B27 supplement (Life Technologies) per brain. Cells were then seeded at 
~10°/cm? and grown on poly-p-lysine-treated glass coverslips in the same 
medium that was replaced after 4 days in culture. The cultures were ready 
for infection after 7 days in culture. 
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Infection of human cell lines and of primary mouse CNS cultures. 
LA-N-5 or HRT-18 cells were infected at a multiplicity of infection (MOI) 
of 0.5 or mock infected and then incubated at 37 or 33°C, respectively, for 
2 h, washed with phosphate-buffered saline (PBS), and incubated at 37°C 
with fresh RPMI 1640 medium supplemented with 2.5% (vol/vol) FBS or 
MEM-a supplemented with 1% (vol/vol) FBS, respectively, for different 
periods of time before being analyzed by immunofluorescence. For regu- 
lar infection and neutralization experiments, the MOI was 0.5, and for the 
complementation experiments on HRT- 18 cells and primary mouse CNS 
cultures, infection was made at an approximate MOI of 0.0001 without 
PBS washing and incubated at 33°C for 48 h (HRT-18) or 37°C for 24 and 
48 h for primary cultures before being analyzed by immunofluorescence 
assay (IFA). 

Neutralization assay. A series of monoclonal antibodies (MAbs) 
against the HE and S proteins of either HCoV-OC43 or BCoV were 
used to evaluate the relative importance of the S and HE proteins of 
HCoV-OC43 during infection of susceptible cells. MAbs 4.3E4 and 
3.2B2, which both recognize the HCoV-OC43 S protein, served as 
positive and negative controls of neutralization, respectively. MAb 
KD-9-40 against the HE protein of BCoV (kindly provided by Sylvia 
van Drunen Littel-van den Hurk, University of Saskatchewan, Sas- 
katchewan, Canada) also recognizes the HE protein of HCoV-OC43 
(see Fig. 6). Therefore, it was used to evaluate the importance of the 
HCoV-OC43 HE protein during infection. Wild-type recombinant 
HCoV-OC43 (rOC/ATCC; 10° 50% tissue culture infective doses 
[TCIDs9]) was preincubated with the different antibodies (1/20 of 
ascites fluid for MAb 3.2B2 and 1/400 of ascites fluid for MAbs 4.3E4 
and KD-9-40) for 1 h at 37°C before being inoculated into cells for 2 h 
at 33°C (HRT-18) or 37°C (LA-N-5). The cells were washed with PBS 
and incubated at 33°C with fresh MEM-a supplemented with 1% (vol/ 
vol) FBS (HRT-18) or at 37°C with fresh RPMI medium supplemented 
with 2.5% (vol/vol) FBS (LA-N-5) for 24 h before being analyzed by 
IFA. Statistical significance was estimated by analysis of variance 
(ANOVA), followed by post hoc Dunnett’s (two-sided) analysis. 

Transfection of BHK-21 cells and production of recombinant vi- 
ruses. BHK-21 cells were seeded in six-well plates (Corning) at 10° cells/ 
well and transfected the next day using Lipofectamine LTX (Life Technol- 
ogies) according to the manufacturer’s instructions, as modified 
previously (19). Briefly, 5 wg of either pBAC-OC43", pBAC-OC43- 
delHE (devoid of the HE gene), pBAC-OC43-HEstop (mutated at nucle- 
otide 8, which replaces the amino acid residue leucine by a STOP codon), 
pBAC-OC43-HEg,4 7 (point mutation at nucleotide 119, introducing a 
change of amino acid at position 40 from a serine to a threonine [S40T]), 
or pBAC-OC43-HEg, ;¢, which harbors a single point mutation at nucle- 
otide 347 that introduces a change of amino acid at position 116 from a 
serine to a phenylalanine (S116F), was evaluated. The medium was 
changed 8 h after transfection and replaced by MEM-a supplemented 
with 10% (vol/vol) FBS, and the cells were incubated 3 days at 37°C. The 
transfected BHK-21 cells were lysed by three cycles of freeze-thaw and 
clarified by centrifugation at 2,500 < g for 10 min. The supernatant (PO) 
served to inoculate HRT-18 cells in order to amplify the viral stocks. The 
medium from this first round of amplification (P1) was recovered and 
served for a second round of viral amplification on HRT-18 cells from 
which we recovered the supernatant (P2). The production of infectious 
viral particles corresponding to the different pBAC-OC43 cDNA clones 
was titrated by an immunoperoxidase assay (IPA). 

Titration of infectious virus using an IPA. An IPA was performed on 
HRT-18 cells, as previously described (21). Briefly, the primary antibody 
used was MAb 1-10C3 directed against the S protein of HCoV-OC43. The 
secondary antibody was horseradish peroxidase-conjugated goat anti- 
mouse immunoglobulin (KPL). Immune complexes were detected by in- 
cubation with 0.025% (wt/vol) 3,3’-diaminobenzidine tetrahydrochlo- 
ride (Bio-Rad) and 0.01% (vol/vol) hydrogen peroxide in PBS, and 
infectious virus titers were calculated by the Karber method, as previously 
described (21). 
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IFA and semiquantitative analysis to determine percentage of cells 
positive for viral proteins. Cells were fixed with 4% (wt/vol) paraformal- 
dehyde for 20 min at room temperature and permeabilized with methanol 
at —20°C for 5 min. The presence of the HCoV-OC43 proteins in HRT- 
18, BHK-21, and LA-N-5 cells was investigated using either primary 
mouse MAb 4.3E4 (1/500 from ascites fluid) directed against the S protein 
of HCoV-OC43, MAb KD-9-40 (1/500 from ascites fluid) directed against 
the HE protein of the serologically related BCoV, or MAb 4E11.3 (1/1,000 
from ascites fluid) directed against the N protein of the serologically re- 
lated porcine coronavirus PHEV (kindly provided by the late Serge Dea, 
INRS-Institut Armand-Frappier, Laval, Québec, Canada). The secondary 
antibody was an anti-mouse Alexa Fluor 488-conjugated antibody (Life 
Technologies/Molecular Probes). 

For primary cultures of the mouse CNS, the primary antibodies were a 
rabbit antiserum (1/1,000) against the structural proteins of BCoV (kindly 
provided by Serge Dea) and a mouse MAb against the neuron-specific 
MAP? protein (1/500; BD Pharmingen, catalog no. 556320) for 1 h at 
room temperature and washed three times with PBS. The cells were then 
incubated for 1 h at room temperature with anti-rabbit Alexa Fluor 488- 
and anti-mouse Alexa Fluor 568-conjugated secondary antibodies (1/ 
1,500; Life Technologies/Molecular Probes). After three washes with PBS, 
fixed cells were incubated for 5 min with DAPI (4’,6’-diamidino-2- 
phenylindole; Sigma-Aldrich) at 1 j.g/ml to stain the DNA in the nucleus. 

To determine the percentages of cells positive for viral proteins, 20 
fields containing a total of either 100 to 125 cells (HRT-18) or between 50 
and 70 cells (LA-N-5) at a magnification of X400 using a Nikon Eclipse 
E800 microscope were counted for each condition tested in three inde- 
pendent experiments. Green cells were scored as HCoV-OC43 protein 
positive over the total amount of cells (DAPI stained in blue for HRT-18 and 
LA-N-5). The statistical significance was estimated by ANOVA, followed by 
post hoc Dunnett’s (two-sided) analysis. Precise quantification of infected 
neurons in primary cultures of mouse CNS was not determined. 

Acetyl-esterase activity assay in cells. Transfected BHK-21 cells and 
infected HRT-18 cells grown on coverslips were fixed 30 s at room tem- 
perature with a solution of citrate-acetone-formaldehyde (25, 65, and 8% 
[vol/vol]), and their acetyl-esterase activity was evaluated using an alpha- 
naphtyl acetate esterase kit (91-A; Sigma-Aldrich) according to the man- 
ufacturer’s instructions, as previously reported for the MHV-S HE pro- 
tein (22). 

RNA isolation, RT-PCR, and real-time PCR. Total RNA was ex- 
tracted from transfected BHK-21 cells using the Qiagen RNA extraction 
kit according to the manufacturer’s instructions and quantified using a 
ND 1000 spectrophotometer (NanoDrop). Portions (5 wg) or total RNA 
were reversed transcribed for reverse transcription-PCR (RT-PCR) and 
quantitative real-time PCR using the Superscript III first-strand kit with 
oligo(dT) primer (Life Technologies) according to the manufacturer’s 
instructions. RT-PCR was performed using Accuprime Pfx Supermix 
(Life Technologies) with 1 cycle at 95°C for 5 min, followed by 35 cycles at 
95°C for 30 s, 55°C for 45 s, and 68°C for 2 min with the primers A-for- 
ward (5'-GGA TCC ATG TTT TTG CTT CCT AGA TT-3’) and B-reverse 
(5’-ACC GGT AAC TGG TAG CGG ATC ATA CA-3’), which amplify a 
fragment of 1,175 bp, corresponding to the complete coding sequence of 
the HE gene without the transmembrane domain. Real-time quantitative 
PCR was performed using the SsoFastEvagreen supermix qPCR kit (Bio- 
Rad) with the Rotor-Gene 3000 (Corbett Life Science) with 1 cycle at 95°C 
for 1 min, followed by 40 cycles at 95°C for 10 s and 60°C for 30 s, with the 
primers C-forward (5’-TAT TTG TCA GGT TGT GAC GA-3’) and D-re- 
verse (5'-CCA TAA ATA ACA CCA GTG TCT T-3’), which amplify a 
fragment of 124 bp between nucleotides 577 and 701 of the coding sequence 
of the HE gene. Modulation of the HE gene expression from quantitative 
real-time PCR was analyzed using the 2 A4CT method (23) and normalized 
to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) expression. 

Flow cytometry. Guinea pig antiserum, which was made in-house by 
immunization of a guinea pig with inactivated HCoV-OC43 and which 
recognizes the structural proteins of HCoV-OC43, was diluted in PBS 
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containing 2% (wt/vol) bovine serum albumin at 1/1,000 and was used to 
detect the HE protein by flow cytometry on PFA-fixed BHK-21 cells. 


RESULTS 


The absence of wild-type enzymatically active HE protein 
strongly abrogates the production of infectious HCoV-OC43. 
Making use of our cDNA molecular clone pBAC-OC43* © (19), we 
were able to obtain cDNA molecular clones with either a deleted 
or a mutated HE gene. These different mutants either lack the HE 
gene (pBAC-OC43-delHE) or possess a mutated HE gene (pBAC- 
OC43-HEstop and pBAC-OC43-HEgag7) (Fig. 1). 

The cDNA molecular pBAC-OC43 clones without the HE 
gene or with the HE gene encoding an enzymatically inactive HE 
protein (HE”) produce viral S protein but no HE protein bearing 
acetyl-esterase activity and no detectable infectious recombi- 
nant HCoV-OC43. Making use of the different molecular clones 
described in Fig. 1, we wanted to evaluate the importance of the 
HE protein and of its acetyl-esterase enzymatic activity in the pro- 
duction of recombinant infectious HCoV-OC43. As shown in 
Fig. 2A, and as previously reported (19), transfection of BHK-21 cells 
by the pBAC-OC43" led to the detection of wild-type HCoV-OC43 
recombinant infectious virus (rOC/ATCC). However, by transfect- 
ing BHK-21 cells with the mutants pBAC-OC43-delHE, pBAC- 
OC43-HEstop or pBAC-OC43-HEgag7, the level of production of 
infectious virus was reproducibly under the limit of detection, with 
the one exception of the molecular clone of pPBAC-OC43-HEstop-A1 
(Fig. 2A). In fact, even though the sequence of the HE gene of this 
particular molecular cDNA clone possessed the introduced STOP 
codon prior to transfection of BHK-21 cells, sequencing of the viral 
RNA after the second round of amplification on HRT-18 cells (P2) 
showed that a reversion had occurred at nucleotide position 8, to 
replace the STOP codon by a tryptophan at amino acid residue 3, 
allowing the corresponding recombinant virus to grow in culture. 

Considering these observations, we wanted to evaluate 
whether the production of viral proteins after transfection of 
BHK-21 cells was normal compared to wild-type pBAC-OC43"". 
Making use of an MAb against the S protein of HCoV-OC43 
(4.3E4), immunofluorescence analysis confirmed that the viral S 
protein was indeed produced in transfected BHK-21 cells, at levels 
(same amount of positive green cells) equivalent for all of the 
pBAC-OC43 molecular clones (Fig. 2B). On the other hand, this 
same approach revealed that the HE protein was also produced at 
equivalent levels after transfection of BHK-21 cells with either pBAC- 
0C43"" or pBAC-HEg,4y7 molecular clones but that no HE protein 
was produced after transfection by the pBAC-OC43-HEstop and 
pBAC-OC43-delHE clones (Fig. 2B). Furthermore, an acetyl-esterase 
assay revealed that only pBAC-OC43"" produced an active form of 
HE protein, compared to all of the pBAC-OC43 HE mutants and to 
mock-transfected BHK-21 cells (Fig. 2C). Transfection of cells with a 
pBAC-OC43 molecular clone pBAC-OC43-HEg;;6 (mutation in 
the HE protein at a potential site of N-glycosylation not located in the 
domain responsible for the acetyl-esterase activity) did produce de- 
tectable infectious recombinant HCoV-OC43 virus at a level compa- 
rable to pBAC-OC43"". This pBAC-OC43-HEg, 6 molecular clone 
confirmed that it was possible to mutate the HE protein in other 
domains and produce easily detectable and significant amounts of 
infectious HCoV-OC43 particles. 

Stable BHK-21 clones ectopically expressing the HCoV- 
OC43 HE protein complement the recombinant pBAC HE mu- 
tants. Considering that the S protein was detected after transfec- 
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Primer HER 


I Sfol Sac Il 4kb OC43 OC43 
ladder FL delHE 
ns2 nsi2,9 kbp 
ORF 1a ORF 1b Pre Vs Jemuen — 
Ss 3° PBAC-OC43"*= 5.Skbp 
ORF ta ORF 4b ¥ s a - M_N &0 
5° 3° pBAC-OC43-delHE = 4.3 kbp 40 
3.0 
C pBAC-0C43 DNA 5'-ATG TIT TTG CTT CCT---GGT GAC AGT CGT TCA---3' 
Protein| N-term-'Met Phe Leu Leu Pro‘---*Gly Asp Ser Arg Ser’”---C-term 
pBAC-0C43-HEstop | DNA 5'-ATG TIT TAG CTT CCT---GGT GAC AGT CGT TCA--3' 
Protein| N-term-'Met Phe stop--C-term 
pBAC-0C43-HEg4y_ | DNA 5'-ATG TIT TTG CTT CCT---GGT GAC ACT CGT TCA--3' 


Protein | N-term-'Met 


Leu Leu Pro‘---*Gly Asp “Thr Arg Ser”.--C-term 


FIG 1 The cDNA molecular clone pBAC-OC43"" was used to design strategies of deletion/inactivation of the gene encoding the HCoV-OC43 HE protein. (A) 
Three-step overlapping PCR was used to delete the gene encoding the HE protein. (B) The deletion of 1.2 kbp (the complete HE gene) was detected by the 
digestion of the reference and mutagenized pBAC-OC43 cDNA infectious clones by the Sfol and SaclI restriction enzymes. (C) Site-directed mutagenesis allowed 
recovery of cDNA infectious clones with nonsense mutation pBAC-OC43HEstop, by the introduction of a STOP codon at amino acid Leu3 (nucleotide position 
8), or with a single point mutation to change the serine at position 40 to a threonine, mutation S40T (pBAC-OC43-HEgagr), which inactivates the putative active 


site of the O-acetyl-esterase. 


tion of BHK-21 cells with all of the different pBAC-OC43-HE 
mutant molecular clones and the appearance of a revertant virus 
after two rounds of amplification (Fig. 2A), we sought to evaluate 
whether exogenous wild-type HE protein could help generate de- 
tectable amounts of infectious HCoV-OC43 by complementa- 
tion. Therefore, BHK-21 subpopulations and clones ectopically 
expressing the HE gene were selected and analyzed (Fig. 3A). 
Quantitative real-time PCR ona series of BHK-21 subpopulations 
and clones resistant to G418 (1 mg/ml) revealed different levels of 
HE expression, and two clones (HE6F-A3 and HE6F-E3) that ex- 
press the HE mRNA at the highest levels (Fig. 3B) were analyzed by 
flow cytometry to quantitate HE protein expression. The two 
clones indeed express the HE protein at a low, but significant, level 
compared to BHK-21 cells transfected by the control vector 
(Fig. 3C). Using these BHK-21 clones, which ectopically express 
the HE protein, we were able to detect infectious HCoV-OC43 
particles after transfection by the pBAC-OC43-HE mutants com- 
pared to BHK-21 cells transfected by the control vector pcDNA, 
from which no infectious virus was detected (Fig. 3D). 
Transient expression in BHK-21 cells of HCoV-OC43 HE 
protein with acetyl-esterase activity is more efficient than stable 
BHK-21 clones in complementing pBAC HE mutants, leading to 
production of higher titers of infectious recombinant HCoV- 
OC43. Even though infectious HCoV-OC43 was detected by com- 
plementing the pBAC-OC43-HE mutants with the BHK-21 
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clones stably expressing the HCoV-OC43 HE protein (Fig. 3D), 
we sought to increase this production by using an alternative ex- 
perimental approach. The pcDNA-HE or the pcDNA-HEv5, 
which are vectors expressing the wild-type HE protein, either 
alone or fused with a v5 epitope, respectively, were compared to 
the pcDNA vector alone to evaluate the production of the HE 
protein (Fig. 4A) and the expression of its acetyl-esterase activity 
(Fig. 4B). These vectors were used in cotransfection of BHK-21 
cells with the different pBAC-OC43 molecular clones. This exper- 
imental approach led to a significant increase in the number of 
cells producing viral antigens after transfection (Fig. 4C) and led 
to the production of detectable levels of infectious virus from 
pBAC-OC43-HE mutants compared to cotransfection of cells 
with the pcDNA vector without HE (Fig. 4D). Furthermore, this 
alternative experimental approach successfully led to an impor- 
tant increase in infectious virus production, which was indeed 10 
times more efficient compared to the use of BHK-21 clones that 
constitutively express the HE protein (Fig. 4D compared to 
Fig. 3C). 

The HE-complemented recombinant HCoV-OC43 can make 
a first round of infection of human epithelial cells and primary 
cultures from murine CNS but are defective in producing infec- 
tious progeny virions that can spread in cell culture. Since exog- 
enous HE protein allowed the production of detectable infectious 
virus after the transfection of BHK-21 cells with all of the different 
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HRT-18 
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| pBAC-delHE-8 nd nd nd | 
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FIG 2 The acetyl-esterase enzymatic activity of the HE protein of the HCoV-OC43 plays an important role in production of detectable infectious viral particles. 
(A) Titration of recombinant infectious HCoV-OC43 particles after transfection of BHK-21 cells at passage 0 (PO), harvested directly from transfected BHK-21 
cells, and amplified between P1 and P2 on HRT-18 cells. nd, not detected. (B) IFA confirmed that the S protein was produced in transfected BHK-21 cells at 
equivalent levels for all of the pBAC-OC43 molecular clones and that the HE protein was produced only in BHK-21 cells transfected with pBAC-OC43'* or 
pBAC-HEgyor- (C) Acetyl-esterase activity was only detected in BHK-21 cells transfected with the pBAC-OC43"", compared to all pBAC-OC43 HE mutants and 


to mock-transfected BHK-21 cells (Lipofectamine LTX). 


pBAC-OC43-HE mutants, we sought to determine whether these 
new infectious particles were able to efficiently infect susceptible 
cells and to evaluate whether the incapacity of HCoV-OC43 to 
produce completely active HE protein would impact the capacity 
of the virus to produce new infectious particles that could dissem- 
inate in cell culture. Considering the low infectious virus titers 
produced for the complemented HE mutants (Fig. 4D; 10° 
TCID;,/ml), susceptible HRT-18 cells were infected at an MOI of 
0.0001 with infectious virus that was produced after cotransfec- 
tion of BHK-21 cells with the pcDNA-HE vector in conjunction 
with either pBAC-OC43-HEstop or pBAC-OC43-HEg4 7 and 
compared to infection by wild-type HCoV-OC43 (rOC/ATCC). 
At 48 h postinfection, wild-type virus had spread within the cul- 
ture, and viral S and N proteins were detected (Fig. 5A). Semi- 
quantitative analysis revealed that these viral antigens were pres- 
ent in ca. 25% of the cells (Fig. 5B). Even though the two types of 
HE-complemented infectious virus produced by cotransfecting 
the pcDNA-HE vector and pBAC-OC43-HEstop or pBAC-OC43- 
HEgaor were able to infect HRT-18 cells (Fig. 5A), their incapacity 
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to de novo synthesize new HE protein appeared to affect their 
efficient spread within the culture as monitored by the fact that 
<1% of the cells produced viral S or N proteins (Fig. 5B). Further- 
more, since we previously reported that HCoV-OC43 is neuroin- 
vasive (24) and neurotropic, the neuron being its main cell target 
in the CNS (20, 25), we wanted to evaluate whether HE-comple- 
mented infectious virus was able to infect mixed primary cultures 
from murine CNS, replicate, and eventually disseminate within 
this culture. Starting with an approximate MOI of 0.0001, ca. 5 to 
10% of neurons were already positive for viral antigens after 24 h 
postinfection by the wild-type virus (Fig. 5D, panel d), whereas 
<1% of neurons produced viral antigens 24 h postinfection by 
either HE mutant virus (Fig. 5D, panels e and f). At 48 h postin- 
fection, wild-type virus had clearly disseminated to about half of 
the available neurons (Fig. 5D, panel g), whereas the percentage of 
neurons infected by the complemented virus produced by the 
cotransfection of pcDNA-HE plus the pBAC-OC43-HEstop mo- 
lecular clone was still very low and was estimated to represent 
<1% (Fig. 5D, panel h). The percentage of infected neurons was 
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FIG 3 BHK-21 cells ectopically expressing the HCoV-OC43 wild-type HE protein complement recombinant pBAC HE mutants. (A) BHK-21 subpopulations 
and clones analyzed by RT-PCR revealed ectopic expression of the HE. Samples were run on a 1% (wt/vol) agarose gel, and amplicons were revealed with 
ethidium bromide. Lane M, molecular weight markers; lanes 1 to 5, subpopulation pcDNA, HEv5-1-3, HE6E, HE6F, and HEv5-2-13, respectively; lanes 6 to 12, 
individual clones HE6E-G6, HEv5-H1, HEv5-Cl, HEv5-E3, HE6F-A3, HE6F-E3, and HEv5-G7, respectively. (B) Quantitative real-time PCR revealed different 
levels of HE expression, with the two clones (HE6F-A3 and HE6F-E3) expressing the highest levels of the HE mRNA. (C) Flow cytometry analysis revealed that 
these two clones expressed the HE protein compared to BHK-21 cells transfected by the control vector pcDNA alone. (D) Transfection of the BHK-21 HE6F-A3 
and HE6F-E3 clones by the pBAC-OC43-HE mutants produced detectable amounts of infectious HCoV-OC43 particles compared to BHK-21 cells transfected 
by the control vector pcDNA, from which no infectious virus was detected. LOD, limit of detection. 


the same for the HE-complemented virus produced by the 
cotransfection of pcDNA-HE plus the pBAC-OC43-delHE mo- 
lecular clone (data not shown). At the same time postinfection, 
the percentage of neurons infected by the HE-complemented vi- 
rus produced by the cotransfection of pcDNA-HE and the pBAC- 
OC43-HEg497 molecular clone had increased significantly (be- 
tween 3 and 5%; Fig. 5D, panel i) as a small but significant amount 
of new infectious viruses were produced (Fig. 5C). 

The HE protein may enhance HCoV-OC43 infection of sus- 
ceptible human cells. Since HE-complemented mutant viruses 
were able to infect epithelial cells (HRT-18) and primary cultures 
from murine CNS, we sought to evaluate whether the HE protein 
could play a role in this infection. In order to study this potential 
role of the HE protein of HCoV-OC43, we performed a neutral- 
ization assay using a specific MAb that was raised against the 
closely related bovine coronavirus (BCoV) HE protein (26). Our 
results clearly indicate that this MAb also recognizes the HE pro- 
tein of HCoV-OC43 in an infected human epithelial cell line 
(HRT-18; Fig. 6A), as well as the human neuronal LA-N-5 cells 
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(data not shown), and suggest that it decreased infection of 
HRT-18 (Fig. 6B) and LA-N-5 (data not shown) cells by almost 
90% (Fig. 6C), suggesting a potential role for the HE protein in 
enhancing the S-protein-mediated infection of susceptible cells by 
HCoV-OC43 


DISCUSSION 


Even though the coronavirus S protein is the main viral protein 
involved in receptor recognition on the cell surface, the HE pro- 
tein, present in several betacoronaviruses, may represent a second 
receptor-binding protein (27) and play an important role in in- 
fection (26, 28). In the present study we made use of various ex- 
perimental tools, most notably of HE mutants produced with our 
pBAC-OC43 cDNA clone (19), to demonstrate that a fully func- 
tional HE protein plays an important role in the production of 
detectable levels of infectious HCoV-OC43 particles, suggesting 
that this protein may also influence viral infectivity and eventual 
spread in cell culture. 

The precise role of the HE protein of betacoronaviruses in gen- 
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FIG 4 Transient expression of HCoV-OC43 wild-type HE protein is more efficient than stably expressing BHK-21 clones to complement pBAC-HE mutants. 
(A) Expression of the wild-type HE protein after transfection of BHK-21 cells with either pcDNA-HE or pcDNA-HEVv5, compared to pcDNA vector alone. (B) 
Detection of O-acetyl-esterase activity in BHK-21 cells transfected with either pcDNA-HE or pcDNA-HEv5 compared to pcDNA alone. (C) Immunofluores- 
cence analysis (detection of the S protein) of BHK-21 cells cotransfected by either pcDNA vector alone (top panels) or by pcDNA-HE (bottom panels), together 
with all of the pBAC-OC43 molecular clones. (D) Production of infectious virus after transfection of BHK-21 cells by the pBAC-OC43"™ and the different 
pBAC-OC43-HE mutant infectious clones cotransfected with either pcDNA vector alone or pcDNA-HE. LOD, limit of detection. 


eral, and of HCoV-OC43 in particular remains elusive. Our data 
showing that transfection of BHK-21 cells led to the production of 
equal amounts of viral S protein with either pBAC-OC43"", pBAC- 
OC43-delHE, pBAC-OC43-HEstop, or pBAC-OC43-HEsaor 
(Fig. 2) indicate that these cDNA clones can replicate as efficiently 
as the pBAC-OC43* “ This observation suggests, as expected, that 
the HE protein does not participate in the transcription of the 
subgenomic RNA that will be translated into proteins by the in- 
fected cells. On the other hand, the observation that the level of 
production of infectious virus was reproducibly under the limit of 
detection for all of the cDNA encoding HE mutant viruses, with 
the one exception of the molecular clone of pBAC-OC43-HEs- 
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top-Al (Fig. 2A), indicate that the production of a fully enzymat- 
ically active HE protein is important at some point during the 
replicative cycle of HCoV-OC43 in order to give rise to viruses 
that are able to infect susceptible cells. Inhibiting the acetyl- 
esterase activity of the BCoV HE protein was also previously shown 
to strongly abrogate BCoV replication, by up to a 1,000-fold (11). 
Our pBAC-OC43"™ system previously used to identify specific 
S protein amino acid residues as important molecular determi- 
nants of virus-induced neuropathogenesis (29, 30) and neuronal 
cell death (31, 32) has proven very stable since no mutations ap- 
peared in the S gene of recombinant HCoV-OC43 produced after 
transfection of BHK-21 cells and two rounds of amplification on 
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FIG 5 HE-complemented recombinant HCoV-OC43 infects human epithelial cells and primary cultures of murine CNS but is defective in producing new infectious 
virions that can spread to surrounding noninfected cells. (A) IFA at 48 h postinfection of HRT- 18 cells. (Upper panels) Green indicates cells producing the viral S protein. 
(Lower panels) Green indicates cells producing the viral N protein. Blue is DAPI staining of the nucleus. (B) Semiquantitative analysis revealed that the S protein (green) 
was present in ca. 25% of the cells for wild-type virus compared to <1% for the two HE-complemented infectious virus. The results are representative of three 
independent experiments. Statistical significance: *, P< 0.05; **, P< 0.01; ***, P< 0.001. (C) Production of infectious particles after infection of primary murine CNS 
cells. (D) IFA at 24 and 48 h postinfection in mixed primary cultures from murine CNS. Subpanels: d and g, wild-type virus (rOC/ATCC); e and h, HE-complemented 
HEstop mutant virus; f and i, HE-complemented HEg497 mutant virus. Red represents the microtubule-associated protein 2 (MAP-2) staining in neurons. Green 
indicates viral antigens and yellow indicates colocalization (merge) of red (MAP-2) and green (viral antigens). Panel a, mock-infected cells; panels b and c, cells infected 
with control noncomplemented virus, which are lysates of BHK-21 cells cotransfected with pBAC-OC43-HEstop or pBAC-OC43-HES40T with empty pcDNA vector, 
respectively. The results for primary cultures are representative of two independent experiments. 


HRT-18 cells (29, 30, 32, 33). Therefore, results presented in ml) after the same two rounds of amplification on HRT-18 cells, 


, concerning the unique molecular clone pBAC-OC43- 
HEstop-A-1, from which the STOP codon has reverted to allow 
for the production of infectious virus at a low titer (107° TCIDs9/ 


3104 


suggest that there is some sort of selective pressure for recombi- 
nant viruses with a functional HE protein. RNA mutation may 
appear without production of viral particles, and we cannot com- 
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FIG 6 Detection of the HE protein in infected cells and partial neutralization of HCoV-OC43 infection by HE-specific MAb. (A) Detection of S protein (MAbs 
4,.3E4 and 3.2B2) or HE protein (MAb KD-9-40) in HRT-18 cells at 24 h postinfection. The green cells in the bottom panels are infected cells. (B) Before infection, 
wild-type recombinant HCoV-OC43 was preincubated with medium or with MAb 3.2B2 or MAb 4.3E4 or KD-9-40. At 24 h postinfection, the cells were analyzed 
by immunofluorescence to detect the S protein. (C) Semiquantitative IFA analysis determined that the neutralization of infection by the KD-9-40 MAb was to 
alevel of almost 90% compared to infection in the presence of medium alone or in the presence of non-neutralizing antibody 3.2B2. The results are representative 
of three independent experiments. Statistical significance: *, P< 0.05; **, P< 0.01; ***, P < 0.001. 


pletely rule out the possibility that only mutated RNA was formed 
without virion production before the second round of amplifica- 
tion on HRT-18 cells. However, based on our experimental design 
(detailed in Materials and Methods), our data rather suggest that 
this appear highly unlikely and indicate that infectious virus had 
to be produced from the beginning. Indeed, if a revertant with a 
different HE sequence compared to wild-type HCoV-OC43 
(F ) is able to arise after two rounds of amplification on 
HRT-18 cells (P2), this indicates that viral particles must have 
been produced already after transfection of BHK-21 cells (PO) but 
at a level that was under the limit of detection. However, after 
several attempts at showing viral particles by electron microscopy, 
which included the use of colloidal gold-conjugated antibodies, 
we were never able to observe viral particles in transfected BHK-21 
cells. This probably could be due to the very low production of 
recombinant virus particles, even for the wild-type HCoV-OC43 


March 2013 Volume 87 Number 6 


produced after transfection (PO) with the pBAC-OC43'" 
( ). 

Our data concerning the complementation of HE mutant vi- 
ruses using BHK-21 cells indicate that there is a dose-dependent 
effect of the HE protein on the production of infectious virus. 
Moreover, the relatively low levels of expression of the HE mRNA 
and protein in HE-expressing BHK-21 clones, combined to the 
fact that we were never able to detect its expression in HRT-18 
subpopulations or isolated clones (data not shown), strongly sug- 
gest that the long-term ectopic expression of the HE protein is 
deleterious to the cell in contrast to the ectopic expression of the 
HE protein of BCoV (34). These results suggest that, in order to 
remain viable, the cells had to restrain the level of the HCoV- 
OC43 HE protein expression and, in the end, this limited the 
production of infectious HCoV-OC43 particles. Therefore, it ap- 
pears logical that an approach where the HCoV-OC43 HE protein 
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is expressed only transiently would be more efficient for comple- 
mentation of the HE-defective mutant viruses (Fig. 4), producing 
up to 10 times more infectious virus compared to the BHK-21 
clones HE6F-A3 and HE6F-E3 presented in Fig. 3. This approach 
of transient HE expression was also efficient to significantly in- 
crease the number of cells that produced the S viral protein after 
transfection (Fig. 4C). A hypothesis that could explain this obser- 
vation is that recombinant viruses produced in the process of 
transfection would be able to infect surrounding BHK-21 cells, 
which are susceptible to HCoV-OC43 infection. Indeed, since a 
strong acetyl-esterase activity, related to the production of the HE 
protein, was already detectable at 24 h posttransfection, cells that 
produce the HE protein may also generate more newly produced 
infectious virus particles (Fig. 4D), which in turn would be able to 
infect surrounding cells Moreover, one can imagine that HE-de- 
ficient HCoV-OC43 particles were produced and that the func- 
tional HE protein independently produced in the transfected 
BHK-21 cells (Fig. 4) helped prevent a possible aggregation of viral 
particles, and to regain their capacity to infect a susceptible cell, as 
previously suggested (6, 35). 

Results presented in Fig. 5 emphasize that the HCoV-OC43 HE 
protein plays an important role in the production of infectious 
virions that are able to infect susceptible cells and to eventually 
spread in cell culture. The HE protein of MHV-JHM was previ- 
ously shown to affect the spread of the virus in the CNS without 
any influence on the production of infectious virus. However, in 
contrast to the latter report (27), it appears that the acetyl-esterase 
function of the HCoV-OC43 HE protein is important for optimal 
production of new infectious virions and eventual virus spread- 
ing. Indeed, even though the HE-complemented virus produced 
by cotransfection of pcDNA-HE and pBAC-OC43-HEgyyp par- 
tially disseminated within primary cultures of murine CNS, asso- 
ciated with a low production of new infectious virus, it remained 
far less effective than wild-type HCoV-OC43 (rOC/ATCC). Nev- 
ertheless, the fact that this HE-complemented mutant virus was 
able to produce this low amount of infectious virions that could 
partially spread in primary cell cultures (Fig. 5) suggests that 
HCoV-OC43 does not completely rely on the acetyl-esterase func- 
tion of the HE protein for spread within the CNS. 

The HE protein possesses both sialic acid binding properties 
and an acetyl-esterase enzymatic activity, the latter being postu- 
lated to be associated with a receptor-destroying enzymatic func- 
tion (reviewed in reference 6). Over the years, a debate has been 
on-going about the fact that these two different activities of the HE 
protein could contribute to viral entry and/or release from the cell 
surface (reviewed in references 6, 10, and 36). Further studies are 
currently being pursued to determine the relative contribution of 
the HCoV-OC43 HE protein at early steps of infection, during 
viral entry, or at later stages, when the virus is assembling or has 
assembled and is ready to be released from the cell where it is 
produced. Our current results point toward an important role of 
the HE protein in helping to produce viral particles that are infec- 
tious and that will somehow more efficiently infect susceptible 
cells. Even though the precise mechanism remains to be eluci- 
dated, one can hypothesize that a fully enzymatically active HE 
could release the S protein from the 9-O-acetyl sialic acid on the 
cell surface. Indeed, HCoV-OC43 was previously shown to inter- 
act with this type of sialic acid (14) that could even serve as a 
receptor determinant for infection (37). In such a model, in which 
the S protein is responsible for primary attachment of HCoV- 
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OC43 to the cell surface (6), deletion of the HE protein or inacti- 
vation of its acetyl-esterase activity could prevent fusion of cellular 
and viral membranes induced by the S protein, which would in- 
hibit an efficient entry of HCoV-OC43 into susceptible cells. 

The HCoV-OC43 and BCoV are closely related, as they share a 
92% degree of nucleotide identity over the genome (38, 39), and 
this similarity increases to ca. 95% for the HE gene and protein 
alone (40). The BCoV HE protein was previously suggested to play 
a role in infection of susceptible cells, as suggested by inhibition of 
infection by neutralizing MAbs (26). Therefore, as was suggested 
for BCoV (26), our data suggest that the HE protein of HCoV- 
OC43 can affect viral infectivity. Moreover, MAb KD-9-40 di- 
rected against BCoV, used here, was previously shown to inhibit 
the acetyl-esterase activity of BCoV (41) and, as previously cited, 
this activity was suggested to be important for BCoV replication 
(11). 

Even though, for most coronaviruses, the S protein is incorpo- 
rated into the envelope in intracellular vesicles near the ERGIC 
area, coronaviruses go through the secretory pathway to be re- 
leased from the cells after going through the Golgi apparatus. 
Considering that 9-O-acetylation of sialic acid linked to glycopro- 
teins takes place in the Golgi apparatus in various cells, including 
the BHK-21 cell line (33), the S protein (incorporated or not in the 
virion) could interact with 9-O-acetylated glycoproteins present 
in this subcellular compartment. In the absence of a fully enzy- 
matically active HE, this potential interaction of the S protein with 
9-O-acetyl-sialic acid would not be cleaved off, which may affect 
the release of newly produced viral particles or the infectivity of 
these particles. Furthermore, even though lentiviruses assemble 
very differently than coronaviruses, data obtained using a pseu- 
dotyped lentivirus system suggest that the absence of a fully enzy- 
matically active HE protein reduces the amount of S protein in- 
corporated in the viral membrane and therefore decreases viral 
infectivity (C. Zhang et al., data not shown). 

Taken together, our results show that infectious viruses (found 
either extracellularly in the cell supernatant or intracellularly) 
were never detected after transfection of BHK-21 cells with pBAC- 
OC43 cDNA clones without HE protein or bearing an acetyl- 
esterase deficient HE protein (HE®). The present study clearly in- 
dicates for the first time that the O-acetyl-esterase activity of HE 
protein of an HCoV plays a significant and important role in pro- 
ducing infectious virions and therefore in subsequent infection of 
cells by these newly produced viral particles to disseminate in cell 
culture. Furthermore, since HCoV-OC43 is neuroinvasive in both 
mice and humans, our results strongly suggest that HE represents 
an important viral factor that may influence the outcome ofa CNS 
infection by this HCoV. 
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